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Protein scaffolds organize transmembrane and
cytoplasmic proteins and serve to integrate both
structure and signaling at the apical junctional complex
of polarized epithelial cells. These scaffolds are
important in coordinating local and global changes in
cell organization.
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How do polarized epithelial cells develop from non-
polarized precursors? New insights into this process have
come from recent studies on the assembly of transmem-
brane and cytoplasmic proteins into scaffolds that serve
both structural and signaling functions. The use of
scaffolds to organize protein complexes may be a common
cellular strategy for converting spatial cues at the cell
surface into the local and long-range changes in cell
organization that culminate in the development of the
functionally distinct membrane domains that are charac-
teristic of polarized epithelia.
The assembly of protein scaffolds has two profound
consequences for the development of epithelial cell
polarity. The first is that the protein scaffolds cluster
transmembrane proteins and directly or indirectly anchor
them to the underlying cytoskeleton. As a result,
structural proteins — such as actin and spectrin — and
regulatory proteins — such as kinases, phosphatases and
GTPases — become juxtaposed with transmembrane
proteins. In turn, this protein clustering facilitates the
assembly of higher-ordered structures — such as junctional
complexes, the membrane cytoskeleton and targeting
patches for docking and fusion of post-Golgi transport vesi-
cles — that ultimately define the identity of each mem-
brane domain. The second important consequence is that
the local assembly of protein scaffolds recruits individual
components of multi-layered signal transduction pathways,
which are essential to inform the cell to proliferate, to
become quiescent or to differentiate (Figure 1).
Recent studies have characterized interactions between
specific membrane and cytoplasmic proteins that appear
to be important, not only for the localization of these pro-
teins to distinct membrane domains, but also in the
development of the polarized epithelial phenotype. Bhat
et al. [1] identified Discs lost (Dlt) in a yeast two-hybrid
screen for proteins that interact with neurexin IV
(Nrx IV), a transmembrane protein of Drosophila septate
junctions. Dlt is a cytoplasmic protein with four ‘PDZ’
domains — a type of domain known to mediate
protein–protein interactions, and named from the initial
letters of the three proteins in which it was first identified.
Surprisingly, Dlt shows little or no co-distribution with
Nrx IV in vivo, but instead colocalizes with an apical mem-
brane protein known as Crumbs.
Crumbs is expressed at the onset of gastrulation in
Drosophila, and is thought to play some role in the mainte-
nance of apical membrane identity [2]. In embryos lacking
Crumbs, all ectodermally-derived epithelia undergo
complete degeneration. Closer inspection revealed that
cells in these mutant embryos fail to organize a type of
actin-associated cell junction known as a zonula adherens,
lose the apical–basal polarity characteristic of columnar
epithelia and become multi-layered [2,3]. This phenotype
can be rescued by expression of a truncated form of
Crumbs, consisting of just its membrane-anchored cyto-
plasmic domain [2]. Furthermore, overexpression of either
this truncated form of Crumbs or the full-length protein
was found to result in the loss of zonula adherens and the
formation of domed cells that have a large apical mem-
brane surface area and little or no lateral membrane.
These observations indicate that the cytoplasmic domain
of Crumbs plays an important part in the protein’s develop-
mental function. The strong suggestion was that some
cytoplasmic protein that interacts with the intracellular
domain of Crumbs would turn out to be an important
mediator of its function. What Bhat et al. [1] have shown is
that Dlt binds to the carboxy-terminal tail of Crumbs.
They suggested that Dlt self-associates to form a homo-
multimeric scaffold, leading to clustering of the associated
transmembrane Crumbs molecules (though they did not
report any direct evidence for this). Just how a Crumbs–
Dlt complex maintains apical membrane identity is not
known, and undoubtedly many components in the process
have yet to be described; one possible player is the
product of the Stardust gene, mutations of which cause
phenotypes similar to that of crumbs mutants [3].
The simplest scenario is that the Crumbs–Dlt complex
has a structural role in defining the boundary between
apical and lateral membrane domains of polarized epithe-
lial cells. At the onset of gastrulation, Dlt localization
shifts from the basal to the apical pole of cells, which co-
incides temporally with the onset of Crumbs expression;
it is possible that Dlt is recruited to the apical pole by
binding to Crumbs, though this has not been demon-
strated yet [1]. The Crumbs–Dlt complex is highly con-
centrated at the apex of the lateral membrane domain, in a
region just above the site where the spot-like adhesion
structures known as adherens junctions coalesce to form
the belt-like zonula adherens that is required to maintain
cell–cell adhesion in polarized epithelia [1–3]. 
If a Crumbs–Dlt scaffold defines the apical membrane of
epithelial cells, then there must be a mechanism that termi-
nates this protein scaffold at the boundary between the
apical and lateral membranes, or else expansion of the
apical membrane surface area would result. One possible
mechanism is that a lateral membrane protein binds Dlt
and competes for domains involved in Dlt self-association.
Bhat et al. [1] showed that, in addition to binding Crumbs
and itself, Dlt binds to the cytoplasmic domain of Nrx IV in
vitro. The Nrx IV–Dlt association appears to involve the
same PDZ domains that are involved in Dlt self-association,
so the interaction between Nrx IV and Dlt could interrupt
Dlt self-association in vivo, preventing extension of the
Crumbs–Dlt scaffold into the lateral membrane domain.
The interface between the Crumbs–Dlt scaffold and the
Nrx IV–Dlt complex might serve as the site at which
adherens junctions coalesce to form the zonula adherens.
This scenario is certainly an oversimplification of the
actual process, as zonula adherens formation occurs
between developmental stages 6 and 10, whereas Nrx IV
expression is not detected until developmental stage 11.
Nevertheless, this model provides a conceptual frame-
work for the role protein scaffolds might play in marking
boundaries between membrane domains. Further studies
may, of course, identify other Dlt-binding proteins that
function during early gastrulation.
Protein assemblies involved in organizing membrane
domains in epithelial cells have been identified that are
based on complexes between relatives of the red blood
cell proteins glycophorin C, protein 4.1 and p55 (a
membrane-associated guanylate kinase or ‘MAGUK’
protein) [4]. In the well-studied context of the red blood
cell membrane cytoskeleton, these proteins are associated
with the plasma membrane; a number of related protein
complexes have been found to assemble at septate junc-
tions in Drosophila. For example, a Nrx IV–Coracle
complex is required for the biogenesis of septate junctions
[5]. The cytoplasmic domain of Nrx IV is similar to that of
glycophorin C and binds directly to a conserved amino-
terminal domain of Coracle, a member of the protein 4.1
family which most likely anchors the complex to the sub-
membrane cytoskeleton. 
Extrapolating from the red cell paradigm, one would
expect that a MAGUK protein of the p55 family associates
with the Nrx IV–Coracle complexes, but to date this com-
ponent has not been identified. Two candidate MAGUK
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Figure 1
Protein scaffolds can play a number of distinct
roles in the organization of membrane
domains. (a) They can assemble a linear
signal transduction pathway into a single
complex; as shown, a transmembrane
receptor is linked to intracellular effector
proteins (X, Y and Z), the connections being
mediated by modular binding domains. This
assembly ensures specificity and efficiency in
a signal transduction cascade. (b) They can
cluster transmembrane receptors. This
concentrates signaling complexes, resulting in
the amplification of localized signals to a
threshold level required for global effects. (c)
They can anchor transmembrane proteins to
the cytoskeleton, either directly or indirectly.
Actin-binding intermediate proteins may also
bind distinct transmembrane proteins, leading
to assembly of more complex structures. This
results in the selective retention of protein
complexes in appropriate membrane domains
and facilitates the assembly of higher-order
structures. (d) They can recruit vesicle
docking/fusion machinery. This defines a site
for delivery of a specific population of
transport vesicles. As a result, appropriate
constituents are delivered to a particular
membrane domain.
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proteins that are localized to the septate junction are Discs
large (Dlg) and Dzo-1 [6,7]. The protein 4.1-binding
‘hook’ domain of Dlg targets its to the plasma membrane,
and its second PDZ domain is important for its incorpora-
tion into septate junctions [6]. Loss of Nrx IV or Coracle
does not lead to mislocalization of Dlg, and no direct asso-
ciation between Dlg and either Coracle or Nrx IV has
been demonstrated, so another 4.1 protein must be
involved in recruiting Dlg into septate junctions [5]. The
loss of Dlg, however, causes mislocalization of
Nrx IV–Coracle complexes, and in the Dlg-deficient
mutant flies septate junctions fail to form and apical–basal
polarity is lost [8]. Mutations in the PDZ and SH3
domains of Dlg result in uncontrolled proliferation, indi-
cating that Dlg has an as yet undefined signaling role in
the regulation of cell proliferation [6].
Scaffolding proteins at cell–cell junctions may not only
cluster receptors and ion channels, but also integrate them
with downstream signaling pathways. For example, Dzo-1
is associated with Drosophila septate junctions, but is not
required for septate junction formation [7]. Instead, Dzo-1
is involved in the regulation of gene transcription. In dzo-1
mutant flies, extra sensory organs (bristles) develop;
molecular analysis has shown that Dzo-1 activates
transcription of extramacrochaetae, a negative regulator of
bristle development [7]. Recent studies have further
shown that Dzo-1 interacts with Canoe, another PDZ-
containing protein, and that the Dzo-1–Canoe complex is
involved in regulating signaling via the Jun N-terminal
kinase (JNK) pathway during dorsal closure, a key step in
Drosophila embryonic development [9].
Loss of dzo-1 can be complemented by expression of the
mammalian orthologue ZO-1, suggesting that vertebrate
tight junctions might also act as sites for organizing signal
transduction pathways. Furthermore, a vertebrate homo-
logue of Canoe, AF-6/afadin, interacts with ZO-1 and has
been found to be localized at tight junctions. These findings
support the idea that, in addition to their well-established
structural roles in epithelial cells, both septate and tight
junctions are major sights of signal transduction [10].
The picture emerging from these studies is that the apical
junctional complex defines a membrane subdomain in
which protein scaffolds cluster membrane proteins involved
in cell–cell adhesion, apical–basal polarity and diverse
signaling pathways. It is also clear from these studies that
scaffolding proteins play active roles in the selective recruit-
ment and assembly of proteins into this membrane sub-
domain during development. As protein scaffolds assemble
around membrane proteins that continuously turn-over,
maintenance of their unique spatial distributions requires
the localization in the membrane of a ‘targeting’ patch for
delivery of vesicles carrying replacement proteins; the
apical junctional complex of polarized epithelial cells has
recently been shown to contain such a targeting patch [11].
The assembly of protein scaffolds and targeted vesicle
delivery work together to establish and maintain struc-
turally and functionally specialized membrane domains,
and the spatially organized signaling complexes required for
cellular responses to extrinsic commands.
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